Stress waves in laminated materials  Final report, 1 Sep. 1967 - 30 Aug. 1968 by Kinslow, R.
STRESS WAVES IN 
LAMINATED MATERIALS 
Ray Kinslow 
Tennessee Technological 
University 
A Report of the Research 
Conducted Under G r a n t  NGR-43-003-007 
September 1 ,  1967 - August 30, 1968 
For the 
I 
National Aeronautics & Space Administrat 
Manned Spacecraft Center 
Houston, Texas 
I I  
J" 
d 
I I  
tt) 
W 
0 
K 
- 
n 
0 n 
Q 
https://ntrs.nasa.gov/search.jsp?R=19680027608 2020-03-12T05:46:50+00:00Z
CONTENTS 
Page 
I. Introduction . . . . . . . . . . . . . . . . . . . . 1 
11. Theore t i ca lha lys i s  . . . . . . . . . . . . . . . 3 
111. Experimental Investigation . . . . . . . . . . . . . 14 
IV. A Quasi-Theoretical Solution . . . . , . . . . . . . 2 1  
V. Conclusions . . . . . . . . . . , . . . . . . . . . 23 
V I .  References . . . . . . . . . . . . . . . a . . . . . 
Table I. Material Properties. . . . . . . . . . . . . . 
Figure 1. Target Dimensions and Coordinates . . . . . . 
Figure 2. Stress-Time Relations (po = constant) . . . . 
Figure 3. Comparison of Radial Stresses . . . . . . . . 
Figure 4. Stress-Time Relations (po = impulse, L = 0.75) 
Figure 5. Stress-Time Relations (po = impulse, L = 0.50) 
Figure 6. StressSTime Relations (p, = impulse, L = 0.25) 
Figure 7. Maximum Stress Near Free Surface (Step Inputs) 
Figure 8. Stress-Time Relations [ po = 400(e-t - e-Zt) ] 
Figure 9. Stress-Time Relations (Explosive Input) . . . 
Figure 10. Stress-Time Relations (Decaying Inputs) . . . 
Figure 11. Stress-Time Relations I: po = (1 - e-"t) ] . . 
Figure 1 2 .  Effect of Cavity Radius . . . . . . . . . . . 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
Figure 13. Reflected and Transmitted Stress Waves,in 
Figure 14.  Stress Amplitude - Impedance Mismatch Relations 
Laminated Targets . . . . . , . . . . . . . 39 
41 
Figure 15. Amplitudes of Various Transmitted Waves . . . 42 
Figure 16 ,  Stress-Time-Lamination Thickness Relations 
(p, = constant, K = 0.25, y = 0.10a) . . . . 44 
Figure 17. Stress-Time-Lamination Thickness Relations 
(po = constant, K = 0.25, y = 0.20a). . . . . 
(po = constant, K = 0.25, y = 0.30a). . . . . 
(po = constant, K = 0.25, y = 0.40a). . . . . 
(Po = constant, K = 0.50, y = 0.lOa). . . . 
(Po = constant, K = 0.50, y = 0.30a). . . . . 
(Po = constant, K = 0.75) . . . . . . . . . 
(po = impulse, L = 0.25). . . . . . . . . . . 
(p = impulse, L = 0.75). . . . . . . . . . . 
Figure 18. Stress-Time-Lamination Thickness Relations 
Figure 19. Stress-Time-Lamination Thickness Relations 
Figure 20. Stress-Time-Lamination Thickness Relations 
Figure 21. Stress-Time-Lamination Thickness Relations 
Figure 22. Stress-Time-Lamination Thickness Relations 
Figure 23. Stress-Time-Lamination Thickness Relations 
Figure 24. Stress-Time-Lamination Thickness Relations 
0 
Figure 25. Stress-Tinie-Lamination Thickness Relations 
[p = 400(e-t - e-2t) ] . . . . . . . . . . 
Figure 26. Polariscope, Camera, and Controls. . . . . . . 
0 
Figure 27. Light Characteristics. . . . . . . . . . . . . 
Figure 28. Effect of Energy Sources Upon Stress Waves . . 
Figure 29. Illustration of Fringe Order . . . . . . . . . 
Figure 30. Fringe Locations at Various Times. . . . . . . 
Figure 31. Stress Wave Photographs and Computed Results . 
Figure 32. Fringe Nwnber-Distance-Time Relations. . . . . 
Figure 33. Displacement-Distance-Time Relations . . . . . 
Figure 34. Strain-Distance-Time Relations . . . , . . . 
Figure 35. Stress-Distance-Time Relations . . . . . . . . 
Figure 36. Reflected Stress Wave Photographs and Computed 
Results . . . . . , . . . . . . . . . . , . 
Figure 37. Fringe Number-Distance-Time Relations 
(Reflected Waves) . . . . . . . . . . . . . . 
Page 
45 
46 
47 
48 
49 
50 
, 
51 
52 
53 
54 
55 
56 
57 
58 
59 
70 
71 
72 
73 
74 
82 
Page 
Figure 38. Stress-Distance-Time Relations (Reflected Waves) 83 
Figure 39. Passage of Stress Wave Through a Cemented Joint 84 
Figure 40. Passage of Stress Wave Through CR-39 Laminations 85 
Figure 41. Stress Waves Through 1/8 - inch Aluminum Laminate 86 
Figure 42. Stress Waves Through 1.0 - inch Aluminm Laminate 
Figure 43. Fringe Order and Computed Results - Aluminum 
Laminate . . . . . . . . . . . . . . . . . . . . 
Figure 44. Comparison of Stresses in Homogeneous and 
Laminated Targets. . . . . . . . . . . . . . . . 
Figure 45. Effect of Forcing Functions Upon Wave Profile 
(KO = 0.50). . . . e . . . . . . . . . . . . . . 
Figure 46. Effect of Forcing Functions Upon Wave Profile 
(R, = 0.25). . . . . . . . . . . . . . . . . . . 
Figure 47. Theoretical Stress-Distance-Time Relations. . . . 
I 
Figure 48. Theoretical Stress-Distance-Time Relations. . . . 
Figure 49. Stress-Time Relations for Aluminum Laminates. . . 
Figure 50. Comparison of Theoretical Stresses in Homogeneous 
and Laminated Materials. . . . . . . . . . . . . 
87 
88 
89 
90 
91 
92 
93 
94 
95 
Figure 51. Comparison of Experimental and Theoretical Results 96 
SECTION I 
INTRODUCTION 
Meteoroids and other debris i n  outer space pose potential 
hazards to astronautics, spacecraft , and missiles. Although the 
impacted structure may have sufficient strength and thickness t o  
res i s t  actual puncture, damage may be caused by strong shock waves 
resulting from the impact. 
free surface, it is reflected, generally as a tensi le  wave. 
the amplitude of t h i s  reflected wave is equal to o r  greater than 
the strength of the "target" material, fracture w i l l  occur. 
fractures may appear as cracks near the surface, weakening the 
structure; as rear surface bulges which could jam mechanisms o r  
block flow in  pipes; o r  as a complete detachment of target material, 
creating a shrapnel effect ,  endangering equipment or  personnel. 
When such a s t ress  wave encounters a 
If 
Such 
I t  has been demonstrated that  damage caused by s t ress  waves 
produced by hypervelocity impact can, i n  many cases, be reduced by 
employing laminated targets (Reference 1). The resul ts  of such 
experiments have served t o  a l e r t  the design engineer t o  the pos- 
s i b i l i t y  of reducing the probability of damage o r  of using a thinner 
o r  l ighter  material as the outer skin or hul l  of spacecraft. 
is perhaps more important t o  realize that the use of laminates 
does not necessarily reduce the probability of damage, but may, 
in some cases, actually resul t  in  increased damage\to the structure 
I t  
(Reference 2) .  
I t  is realized that  it is  impossible to  test a l l ,  o r  even a 
small percentage of possible laminates. This study is  an attempt t o  
-2- 
formulate a mathematical model that  can be u t i l i zed  to  predict the 
action of laminates in  affecting the s t ress  wave induced by impact. 
Such a model must include a l l  parameters that  may affect  the ab i l i ty  
of structures to  resist fracture induced by hypervelocity coll isions 
before it can be used with confidence. 
The following is  an outline of th i s  report aqd the approach 
t o  the problem: 
(1) A theoretical study of the propagation and reflection 
of s t ress  waves in  sol id  and laminated targets was made. 
included an analysis of the material properties (such as Poisson's 
ra t io ,  density, modulus of e las t ic i ty) ,  target geometry (target 
thickness, lamination thickness , lamination location) 
s t ress  wave characterist ics (such as amplitude, wave pulse length, 
decay rate ,  wave form). 
This 
and the 
(2) The next phase of the research consisted of an ex- 
perimental investigation of stresses developed by the s t ress  waves 
in  both solid and laminated targets.  
present, t o  sandwich plates or targets of only three layers, the two 
bounding layers being of one material and the center layer, o r  core, 
being of a different material. 
parent material that  could be studied by photoelastic methods. 
Stresses were determined only in  the third layer of the target ,  th i s  
being the region of m a x i m  tensi le  stress. 
This was limited, for the 
The outer layers were of a trans- 
(3) After an analysis of the experimental resul ts  fo r  a 
solid target ,  a theoretical model was formulated that would duplicate 
these resul ts  as closely as possible. Tnis has been called a "quasi- 
theoretical" method (Reference 3 ) .  
(4) By using the theoretical model, the effects  of laminations 
-3- 
were calculated. 
determined experimentally for  identical targets.  
These resul ts  were then compared with those 
(5) Problems encountered in  th i s  research are discussed 
and future studies are recommended. 
SECTION I1 
THEORETICAL ANALYSIS 
Spherical dilational wave propagation in  homogeneous, iso- 
tropic material can be specified by the equation 
where @ is a scalar displacement potential ,  c is  the wave velocity, 
and t is time. Particle displacement (u) and velocity (v) are 
specified by the relations 
and v =  au -u = a @  -ar a t  
where r denotes the radius vector from the point of projecti le 
impact. 
relations 
The radial  and tangential stresses are given by the 
or = (A + 2u)au - + ""(9 
ar 
and 
where A and 
modulus (E) and Poisson's r a t io  (v) as  follows 
1.1 are  the Lam; constants and a re  related to  Young's 
-4- 
A =  vE 
(1 + v ) ( l  - 2v) 
1 1 =  E 
2 ( 1  4- v) 
The mathematical model used i n  th i s  investigation for  
generating spherical e l a s t i c  waves is that described in  References 
4 and 5. 
in  the target with i ts  center a t  the point of impact, and that  a 
I t  is assumed that  there is a hollow hemispherical cavity 
time-varying pressure o r  forcing function is applied to  the cavity 
surface, generating s t ress  waves i n  the target. The pressdre (po) 
applied t o  the cavity surface is an impulse tha t  may be described 
by the relation 
-a$ -a$ -a3t  Po = k p  + k2e + k,e + . . .  
where al, a2, ... are decay constants, t is elapsed time, and k,, 
k,, . . . are  constants. 
various wave forms can be generated. 
By the proper choice of values of k and a, 
The solution of the wave equation based upon Blake's work 
and described in Reference 5 is employed i n  this study. 
Reflected stress waves are created in  so-called "image 
cavities." 
spherical wave is given by the relat ion 
The velocity of both the incident wave and the reflected 
1/ 2 
c =  M p 1 f v (1 - 2v 
Solid Homogeneous Targets 
Figure 1 shows the target being considered. Its thickness 
- 5- 
is denoted by - a and the distance of a point, P, from the rear sur- 
face is given by - y. Only stresses developed along the axis normal 
t o  the ta rge t ' s  rear surface have been considered. 
Nondimensional units of s t ress  and time are used i n  t h i s  
theoretical part  of the study as follows: 
- - - 
o = o/E and t = tc /a  
Unless otherwise specified, the following values are also used: 
ro = 0.2a, v = 0.333, c = 1.000 
The f i r s t  case t o  be investigated is that  of the application 
of a constant and continuous pressure t o  the cavity surface in  a 
solid target.  The tangential s t r e s s  (Zo)  and radial  s t ress  (yr) 
were computed a t  points O.la, 0.2a, 0.3a, and 0.4a distance from 
the free surface. 
dicated by a-a is  developed as the wave front reaches the point 
under consideration. As t h i s  wave is reflected from the free sur- 
face as a tensi le  wave, it produces a sudden change in  s t ress  denoted 
by a ' - a ' .  
pared in  Figure 3. 
sult ing from this wave has a value of approximately 20 a t  a point 
about 0.23a distance from the free surface. 
Results are shown in Figure 2. The s t ress  in- 
The curves of radial  s t r e s s  a t  the four points are com- 
I t  is seen that  the maximum tensi le  s t ress  re- 
The effect  of the wave o r  pulse length upon the developed 
s t r e s s  was next investigated. 
a t  the four points f o r  a square wave input having a length of 0.75. 
Figure 4 shows the stress-time relation 
In t h i s  case, there w i l l  not only be discontinuities caused by the 
passage and reflection of the wave front,  but also by the t r a i l i ng  
edge of the pulse. Figures 5 and 6 show the resulting s t ress  fo r  
- 6- 
pulse lengths of 0.50 and 0.25, respectively. I t  is obvious that  
not only the pulse amplitude, but also i ts  length, contributes to  
the developed s t ress .  These are summarized i n  Figure 7 .  The top 
curve shows the maximum compressive stress developed as the pulse 
moves toward the free surface. 
x = -) shows the tensi le  stresses developed by the reflection of 
the wave generated by a constant and continuous forcing function. 
The various points show the maximum tensi le  stresses produced at  
the four points being considered by impulses of various lengths. 
I t  can be seen that i n  e i ther  case, the maximum tensi le  st'ress w i l l  
occur when the reflected wave front coincides with the forward 
moving t ra i l ing  edge. 
be concluded that i n  any analysis of the developed stresses, the 
pulse length w i l l  be an important factor. 
of a very long pulse, the maximum tensi le  s t ress  has been shown t o  
have a value of about 20 a t  a distance of 0.23a from the free sur- 
face, but a short pulse having a length of 0.25 w i l l  develop a 
tensi le  stress of about 35 a t  y = O.la, and one having a length 
of 0.75 w i l l  produce a s t ress  of approximately 50 about 0.35a from 
the free surface. 
The second curve (indicated by 
The lower curve is for  these cases. I t  can 
For example, i n  the case 
Forcing functions more nearly simulating impact or explosives 
may be formulated. One described by the series 
is described i n  References 4 and 5 and w i l l  not be repeated here. 
Figures 8 and 9 show waves formed by forcing functions that  closely 
represent explosive inputs. The small sketch of the load-time curve 
- 7- 
fo r  an electr ical  primer is  from Reference 6, page 347. Stress- 
time curves showing the effect  of the decay constant, a ,  fo r  de- 
caying inputs are given in  Figure  1 0 .  The resul ts  from an input 
that  increases from zero and approaches a maximum value are shown 
in Figure 11. 
been assumed to  have a value of 0.20a. 
In these analyses, the cavity radius has arb i ta r i ly  
The effect  of using a value 
of 0.10a is  shown 
Laminated Targets 
An abrupt 
in Figure 1 2 .  
change in the physical properties of a material 
3 
w i l l  resul t  i n  the modification of a pressure pulse as it encounters 
t h i s  change. 
and a portion w i l l  be reflected. 
modification of a pulse are based upon the boundary conditions of 
In general, a portion of the pulse w i l l  be transmitted, 
The relations which describe the 
continuity of pressure and continuity of par t ic le  velocity across 
the interface between two materials. These relations depend upon 
the value of p c ,  called the "characteristic impedance," of the two 
materials. 
laminate and Po is the pulse amplitude in the f irst ,  the amplitude 
of the transmitted component is 
If p o c o  is for  the first, and p t c t  is  fo r  the second 
and the reflected component is 
Pr = P t C t  - poco [--I p t c t  + p o c o  
These relations are  somewhat simplified by l e t t i ng  
-8- 
giving 
and 
P r =  K - l P o  
The sandwich structure under consideration is shown in Figure 
13. 
layers of material are to and t2, respectively. 
impedance of both is poco. 
tl and a characterist ic impedance of plc1. 
the distance-time relation of the wave fronts.  
zero a t  point ro, the wave moves with a velocity of co through the 
f i r s t  layer. 
the transmitted component is  
Its to t a l  thickness is  - a ,  the thickness of the f i r s t  and l a s t  
The characterist ic 
The middle lamination has a thickness of 
This figure shows also 
Starting a t  time 
Upon reaching the f i r s t  interface, the amplitude of 
Po which moves through the core [&] 
a t  a velocity of  c1* 
portion w i l l  again be transmitted, and a par t  w i l l  be reflected. 
However, the value of the impedance mismatch a t  t h i s  interface 
As t h i s  pulse reaches the second interface, a 
is 
not K, but has a value of 1 / K .  
mitted is ,  therefore, 
The amplitude of the pulse trans- 
and is denoted by P1 - -  o, A s  only the stress developed i n  the l a s t  
layer of the target is under consideration, it can be assumed that  
the target  is  composed of t h i s  material only, and that  the i n i t i a l  
- 9- 
pulse has an amplitude of instead of Po. The time 
required, however, for t h i s  pulse t o  reach any point is not the same 
as fo r  a homogeneous target due to the change in  velocity through the 
core. I t  must be adjusted by the amount 
-  
1-0-0 
T 
The component of the pulse reflected from the second interface is 
which, upon again reaching the f i r s t  interface,will again 
2 -.-.--.P K 1  
be reflected with an amplitude of [K + 11 0 .  A portion of th i s  
w i l l  then be transmitted through the second interface, t h i s  being 
I f  the transmitted pulse amplitudes 
the other pulses Pn-o-o may pA-B-c, 
i n  t h i s  layer are denoted by 
be specified as 
- 1) 
. . . form a These pulse amplitudes, P1-o-o, Pz-o-o,  ' 3 - 0  - 0. 
rapidly converging ser ies ,  the sum of which approaches the value 
of Po. 
losses have been neglected up t o  t h i s  time. 
for these waves are  given by the relation 
This is  t o  be expected, because pulse attenuation and energy 
The time adjustments 
T 
A-0-0 
-10- 
This ser ies  of transmitted waves, as well as others tha t  w i l l  be 
discussed, can be seen more clearly in the second page of Figure 
13. Figure 14  gives these amplitudes as functions of the im-  
pedance mismatch, K.  
Returning t o  the pulse P it is seen that  t h i s  w i l l  
1 -0 -0 ,  
be to ta l ly  reflected from the free surface a s  a tensi le  wave. 
When t h i s  reflected pulse reaches the second lamination, a portion 
w i l l  be transmitted back into the core and a par t  w i l l  be reflected 
back into the th i rd  layer as P 1-1-03 
f lected from the free surface a s  was P 
and then in  P 
resul t  in  multiple reflections,  the amplitudes of rzrhich are given 
which, i n  turn, w i l l  be re- 
resulting in P1-2-o, 
1 - 0 - 0 ,  
etc.  Pulse P2-o-o,  P3-o-o, . . . w i l l  likewise 
1-3-0’ 
by the relation 
The corresponding 
(2A+B-2) 
time delays are  given by 
+ ZBt2 = T  T A-0-0 - A-13-0 
cO 
These amplitudes are given i n  Figure 15  for various values 
a re  given as percentages of  P . Con- 
0 
of  K. 
s ider the case of K having a value of 0.5. 
The values of P 
A-B-0 
P = 0.889, P = 0.296, P = 0.099, 
1-0-0 1-1-0 1-2-0 
= 0.011, P = 0.099, 
’1-4-0 2-0-0 
= 0.033, ’1-3-0 
= 0.033, P = 0.011, P = 0.011. pz- l -o  2- 2-0 3-0-0 
-11- 
Values of P less  than 0.01P are not shown. 
0 
= Po. + ... As previously s ta ted,  P1-o-o + p2-O-0 -k ‘3-0-0 
This may be i l lustrated for  t h i s  instance of K = 0.5, 
0.889 + 0.099 + 0.011 = 0.999. 
I t  can be also shown that  the sum of a l l  the transmitted pulse 
amplitudes , 
In t h i s  case of K = 0.5,  the sum would be 1.5. The values given 
above have a to t a l  of 1.482. 
the sum of these pulse amplitudes is 5.5. 
the magnitudes decrease very rapidly as they undergo multiple re- 
Where K has a small value, say 0.1, 
I 
This means tha t ,  although 
flections,  the i r  sum may be several times that  of the transmitted 
pulse in  a homogeneous target. The conditions under which t h i s  may 
occur w i l l  be shown l a t e r .  
Magnitudes of P given inl Figure 15 for  values of K A- B- C 
ranging from 0 . 1  t o  0.9,  also apply fo r  values of 1 / K  except that  
for  odd values of B ,  PA-B-o w i l l  be negative. 
the sum of a l l  the transmitted waves for  K = 2.0, f o r  example, is 
This explains why 
only 0.75. One should not come t o  the conclusion a t  t h i s  point i n  
the study that  the center core should always have a characterist ic 
impedance greater than the boundary layers i n  order that  the to t a l  
stress developed i n  the l a s t  layer w i l l  be reduced. 
conditions th i s  would resu l t  i n  an increase i n  s t ress  as  the reflected 
tensilewaves from P P etc.  may meet the transmitted ten- 
Under some 
1-0-0’ 2-0-0’ 
t o t a l  tensi le  stress. 
Referring again t o  Figure 13, it w i l l  be seen that there are 
additional transmitted waves not yet discussed. These a re  P1-o-l, 
-12-  
e tc .  
1-0-2’ pl-l-l, 
P These amplitudes are given 
( a + B +  2C - 3) - - 16K2(1 - K) 
’A-B-c 
(2A+B+ZC+l) 
(1 + K) 
and the time different ia l  by 
by the relation 
These waves may have significant magnitudes; however, they usually 
occur a t  such a l a t e  time and have been attenuated by traveling through 
great distances by the i r  succesive reflections,  that  no instance has 
been found where they contribute significantly t o  the maximum tensi le  
s t ress  developed. 
ample given. 
Therefore, they have not been included in  the ex- 
The thickness of the lamination tl and its distance from the 
free surface, t2, are significant factors i n  determining the resulting 
stress. From Figure 13 it can be seen that  i f  the thickness of tl is  
very small, the time between the wave fronts of P w i l l  also be 
-4-0-0 
small. 
intervals are directly proportional t o  the thickness tl. 
have l i t t l e  effect  upon the t o t a l  developed s t ress  i f  the pulses 
are very short. is  small, the 
The relation given for  TA-0-0 also indicates that  the time 
This may 
If they are long, however, and t 1 
transmitted components w i l l  overlap, and the to t a l  amplitude may 
be as  great as if there were no lamination. 
the other pulses, P 
w i l l  be noted in  the examples that  follow. 
the forcing function is  a constant, that  is ,  the waves should be 
relatively long. 
upon the stress developed a t  a point 0.10a distance from the free 
The time intervals of 
, depend upon the thickness t2. These effects 
A-B-O 
In Figures 16 through 22, 
Figure 16  shows the effect  of the core thickness 
-13- 
surface and an impedance mismatch value, K,  of 0.25. 
that  both the compressive stress produced by the transmitted wave 
and the tensi le  s t ress  resulting from the reflected wave occured 
a t  t h i s  point when t 
laping of the wave fronts are clearly seen. 
the case of thicker cores, and the s t ress  magnitude depended very 
l i t t l e  upon the core thickness in  these cases. 
from the free surface, the maximum stress w a s  also developed in  the 
case of the thinner core, but it w i l l  also be noted that  a t  y = 0.30a 
the tensi le  s t ress  resulting from the core thickness of O.'20a is 
greater than in  the case of the intermediate thickness of 0.05t and 
0 .10 t .  
I t  is seen 
w a s  only 0.01a. "he superposition and over- 
This did not occur i n  
1 
A t  other distances 
For K = 0.50, Figure 20 and 21, there was not as much dependence 
upon the core thickness. In t h i s  case, a smaller number of transmitted 
waves had significant values, and a s t i l l  smaller number when K = 0.75, 
Figure 22. 
The effect  of the pulse length is shown i n  Figures 23 and 24. 
Comparing with Figures 20 and 21,  it is seen that  the tensi le  s t ress  
was more than twice as great i n  the case of shorter pulse. 
In these examples of the effects  of laminations, the ampli- 
tudes of the transmitted waves were not as given i n  Figure 15 ,  but 
were smaller because of attenuation due t o  distance. I t  has been 
assumed that the wave amplitude attenuates a t  a r a t e  inversely pro- 
portional t o  the dis tance traveled. 
The effect  of lamination thickness upon stress i n  the case 
of a wave that more nearly represents the conditions of impact is 
shown i n  Figure 25. 
-14- 
SECTION I11 
EXPERIMENTAL INVESTIGATION 
This phase of the research consisted of photoelastic 
analyses of s t ress  waves i n  both homogeneous solids and lami- 
nated targets.  
camera o r  a short-duration l igh t  pulse i s  required. 
To photograph these waves an extremely fast 
Both 
methods were employed i n  t h i s  study. 
For single photographs, a polariscope u t i l i z ing  an 
E.G. 6 G .  Model 549 Microflash unit w a s  used. This flash is  
rated a t  fifty-million-beam-candlepower with a duration of one- 
half microsecond. The flash was triggered by the magnetic f ie ld  
from the exploding wire that  was used t o  i n i t i a t e  the stress 
wave. Photographs were 4 X 5 - inch in  size. This equipment 
was ut i l ized t o  make preliminary studies to  determine the type 
of polariscope (l ight or  dark f ie ld ,  plane or  circular polaroids, 
e tc . ) ,  kind of film, f i l ters,  model material, and energy sources 
t o  be used. 
In the experimental investigation described in  t h i s  re- 
port ,  a Beckman and Whitley Model 201 synchronous framing camera 
was used t o  record the dynamic fringe pattern generated i n  the 
model. 
X 0.9-inch photographs on a 4 X 5 - inch f i l m  a t  speeds up t o  
The camera i s  a rotating mirror type, making twelve 0.7 
one million frames per second. 
a t  t h i s  speed is approximately 0.6 microseconds. 
Exposure time for  each photograph 
Figure 26 is a 
diagram of the camera and related equipment. 
The two pulse generators deliver 100 Joules each a t  5 KV. 
One was used to  provide energy for  the l ight  source. Various spark 
-15- 
gaps, wires, and f o i l s  were t r ied.  
illumination for  f a s t  film but was very irregular and not uniform 
during exposure. Wires exploded with sufficient illumination and 
Spark gaps provided suff ic ient  
were much more satisfactory than spark gaps, but the duration was 
so short that  it was d i f f i cu l t  t o  synchronize with the camera so 
as t o  give satisfactory exposure fo r  a l l  twelve photographs. 
ploding f o i l s  were not as  satisfactory as e i ther  wire or gap. 
The most satisfactory l igh t  source was found t o  be Buss type AGC-1 
safety fuses. 
a spark gap, exploding wire, and fuse is shown in Figure 27. 
Ex- 
A comparison of l ight  intensi t ies  and duration fo r  
The other pulse generator was used as  the energy source 
for  generating s t ress  waves in  the model as a simulation of hyper- 
velocity impact. 
materials, PSM-1, a clear polyester sheet manufactured by Photo- 
e las t ic ,  Inc, ,  was selected as the basic material t o  be used in  
th i s  study. 
e l a s t i c  sensi t ivi ty  of any model material available and has a wave 
velocity of about 60,000 inches per second, sufficiently l o w  t o  be 
photographed without apparent wave movement during exposure. 
other important factor was that it is practically f ree  of creep 
and edge effects.  
and cemented t o  other materials. The most consistent stress waves 
were generated by exploding a fine w i r e  i n  contact with one edge 
of the model. The amplitudes of these waves, however, were not 
sufficiently great for  accurate comparison of waves having only 
s l igh t  differences in  amplitude. A stronger shock, giving a 
greater number of fringes, resulted when a small m u n t  of ex- 
plosive was added. Figure 28 shows a comparison of the fringe 
After experimenting with many kinds of model 
Its manufacturer claims that  it has the highest photo- 
An- 
This plas t ic  can be easily machined, polished, 
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patterns resulting from an exploding wire and a wire plus a small 
amount of p ic r ic  acid. The gases produced by th i s  explosive were 
very toxic so  its use was discontinued. 
not producing as strong a shock, was l e s s  discomforting and cor- 
rosive. 
Urea n i t r a t e ,  although 
This was used i n  the experimental studies being reported. 
The method used for  the experimental analysis of s t ress  
waves i s  essentially the same as  that described by Dally and Riley 
in  Reference 7. 
Stresses are developed both in the direction of ,  and 
perpendicular to ,  the direction of wave propagation as described 
in  Section I1 of t h i s  report. 
in the direction of wave motion. 
? 
Deformation occurc,however, only 
The displacements are specified 
bY ur = f ( r )  , Ue = 0 
The strain-displacement relations are 
and the s t ress-s t ra in  equations are 
The shear s t ress ,  T, has the value 
T = * ( 0 0  - Ur)/Z 
From these relations 
-17- 
d u = - 1 + ~  cs - - 
d r ( 4  7 ( e ".) 
E = Llr = - 2 ( 1  + v) 
0 -  E r 
! 
= - 2 ( 1  + v) 
E T 
E = E o  - 2 ( 1  + v) 
E r 
The radial  and tangential stresses are ,  therefore, 
The stress-optic relation i s  
= (;)E 
where N is  the fringe order, f is the photoelastic constant of 
the material, and h is the model thickness. 
The s t ress  relations may be stated in  terms of the model 
material properties and fringe order 
-18- 
Values of displacements, s t ra in ,  and s t ress  may now be determined 
by numerical integration. 
As the objective of the present research is t o  compare the 
stresses developed in  a laminated target with those produced in  a 
homogeneous target under the same dynamic impulse, the properties 
of the material, such as the dynamic modulus of e l a s t i c i ty  and 
photoelastic constant, have not been determined. 
s t ra ins ,  and displacements are ,  therefore, re la t ive values only 
and are designated by ko, kE, o r  ku. 
fo r  the target material, PSM-1, are: 
density (p) = 20 grams per cubic inch, and wave velocity (c) = 
60,500 inches per second. 
t h i s  and some other materials are given in  Table I .  
Resulting stresses,  
Values of other properties 
Poisson's r a t io  (v) F 0.38, 
The characterist ic impedance values of 
I t  was found that  a l ight  f i e l d  polariscope u t i l i z ing  cir- 
cular polaroids, and a dark red f i l t e r  gave the most satisfactory 
photographs of the s t ress  pattern. Figure 29 is a typical photo- 
graph showing the fringe order values. 
the i r  locations, were then plotted. 
three se t s  of photographs, shots 175, 176, and 177, and show fringe 
These values, together with 
Figure 30 was prepared from 
locations fo r  each frame. Frame 1 2  of shot 175 is identical with 
frame 1 of shot 176, but there was a s l igh t  gap between the l a s t  
frarreof shot 176 and the f i r s t  frame of shot 177. In the l a s t  
frame of 176 the wave front is  approaching the rear edge of the 
model and in  177  the wave is being reflected. 
(wave front) cannot be seen in  these photographs because of the 
l igh t  f i e l d  being used, so t h i s  fringe was determined by extra- 
palation from the other fringes. 
approximate location of the reflected wave front. 
The zero fringe 
The broken l ine  shows the 
-19- 
Values of R and N from th i s  figure were read into a 
digi ta l  computer that  had been programmed t o  compute the dis-  
placements, s t ra ins ,  and stresses. 
graphs and computer results.  
continuous with the frame numbers indicated as being from 1 t o  
23. 
Figure 31 shows the photo- 
Shots 175 and 176 were considered 
A plot of fringe order versus distance for  various times 
are shown in  Figure 32. 
Figure 33; s t ra ins  in  Figure 34; and s t resses  in Figure 35. 
different scales for  the radial s t ress  and tangential stres? 
should be noted. 
Computed displacements are shown i n  
The 
Photographs and computer resul ts  for  the reflected wave 
are given in Figure 36. 
shown in Figures 37 and 38, respectively. 
plotted fo r  each frame in  the case of reflected waves in  order 
t o  avoid confusion. I t  w i l l  be noted that the amplitude of the 
reflected tensi le  wave i n  frame 1 2  is about the same as that  of 
the compression wave in  frame 2. 
Plots of the fringe order and s t r e s s  are 
Separate curves were 
Stresses in laminated models were next determined. F i r s t ,  
however, photographs were made of stress waves in a model of two 
pieces of PSM-1 cemented together i n  order t o  determine the effect, 
if  any, of a cemented jo in t  on the passage of the waves. Figure 39 
shows waves in  such a model and it is seen that the joint  had 
practically no effect  on the transmitted waves. 
were prepared with laminates of various materials such as Lucite 
Several models 
and CR-39. 
but as the impedance mismatch was so near unity, very l i t t l e  change 
in the wave amplitude could be detected. 
Photographs of some of these are  shown i n  Figure 40 
-20- 
Two targets were next prepared having laminates of 
aluminum. 
is 8.9, there should be considerable differences i n  the developed 
As the impedance mismatch between PSM-1 and aluminum 
stress, especially in  the case of a thicker lamination. 
In the first target ,  the lamination thickness w a s  only 
Figure 4 1  shows the twelve frames of t h i s  shot (No. 240) 1/8 inch. 
and an enlargement of Frame 3 a t  a time of approximately 68 micro- 
seconds. The second target had a lamination thickness of 1.0 inch. 
Figure 42 is a photograph of t h i s  shot (No. 226) and an enlargement 
of Frame 6,  also a t  a time of about 68 microseconds. 
the fringe order of these two frames and the computed stresses are 
shown in Figure 43. 
i n  the l a t t e r ,  fringe number 1.5 was barely distinguishable,so it 
was the m a x i m u m  point on th i s  curve. 
Plot? of 
Although only fringes 0.5 and 1.5 were developed 
The time of 68 microseconds corresponded t o  Frame 3 of 
Shot 176. A comparison of the three waves i n  the case of a homo- 
geneous target,  a 1/8 & inch lamination, and a 1 . 0  - inch lamina- 
t ion is made i n  Figure 44. The distances traveled are, of course, 
not the same, as the wave velocity in the aluminum was about three 
and one-half times as great as i n  the plast ic .  
A comparison of the maximum radial  stresses indicates that  
the stress af te r  passage through the 1/8 - inch aluminum was about 
71% of that i n  the solid p las t ic  model, and that the stress a f t e r  
passing through the 1 . 0  - inch aluminum was only 40% as  great, 
indicating reductions of stress of 29% and 60). 
-21- 
SECTION IV 
A QUASI-THEORETICAL SOLUTION 
I t  was shown in  a previous section of t h i s  report tha t  
forcing functions could be selected that  would closely simulate 
explosive impulses o r  hypervelocity impact. 
such inputs and the resulting waves in PSM - 1 a t  a time of 55.5 
microseconds. 
selected. 
0.25 inches was used. 
of Figure 35 which were experimentally determined. I t  seehs tha t  
forcing function number two (po = 1 - e-t) and a radius cavity of 
0.25 inches matches the wave at  th i s  time more closely. 
function was multiplied by a constant that  would give a wave am- 
plitude as determined experimentally. 
i n  the theoretical section of t h i s  report, values of radial  and 
tangential stresses were computed. 
47. 
differences in  shape and attenuation are observed. 
be expected. 
were not matched exactly, those of Figure 47 are computed spherical 
waves i n  a three-dimensional target and those of Figure 35 were 
experimentally determined cylindrical waves i n  a two-dimensional 
plate. 
Those theoretically computed are shown in Figure 48 and those ex- 
perimentally determined were shown i n  Figure 39. 
wave forms were not the same, there i s  very good agreement in the 
magnitude of the reflected tensi le  wave. 
Figure 45 shows several 
In t h i s  case a radius cavity of 0.50 inches was 
Figure 46 gives the same information when a cavity of 
These wave profiles were compared with those 
This 
Using the method described 
The resul ts  are shown i n  Figure 
When the curves of Figure 35 and 47 a re  compared, several 
These are to  
In addition t o  the fact that  the wave profiles 
There are st i l l  greater differences in the reflected waves. 
Although the 
Both the experimental 
-22- 
and theoretical computations indicated that the maximum tnes i le  
stress would have a magnitude of about 18 a t  93 microseconds. 
The same forcing function was also applied t o  laminated 
The stress-time targets having 1 /8  and 1.0 inch aluminum cores. 
relations a t  a point 3.5 inches from the orgin are shown i n  
Figure 49. 
seconds were also computed. These curves (Figure 50) indicate 
that the theoretical s t ress  wave amplitude i n  the 1/8 - inch 
laminated target is  79% of that  in a solid homogeneous target,  
and the s t ress  i n  the 1 . 0  - inch laminated target is 36.5%' of 
that  i n  the solid target.  
num core, the wave front has reached the free boundary and has 
s tar ted t o  ref lect .  
wave would have been of the form shown by the dotted l ine ,  but 
the maximum value of s t ress  would have been the same. In com- 
paring Figures 44 and 50, it is  seen that the waves in  the theo- 
re t ica l  analysis are a t  a greater distance than those experimentally 
determined. The reason for t h i s  i s  that  the time was determined 
from the time of the explosion i n  the experiments but i n  the theo- 
r e t i ca l  study the forcing function was applied t o  a 0.25 - inch 
The stress-distance relations a t  a time of 68 micro- 
In the case of the 1 . 0  - inch alumi- 
If the boundary had not been there, the 
cavity and time was 
the waves i n  Figure 
Figure 44. If t h i s  
parisons would have 
51. 
counted from that time. In other words, 
50 should be 0.25 inch ahead of those of 
had been taken into consideration, the com- 
been somewhat bet ter ,  This is shown in Figure 
- 23- 
Method Used 
Experimental 
Theoretical 
SECTION V 
CONCLUSIONS 
Percent Reduction in  Stress 
1/8" Laminate 1.0" Laminate 
29 60 
2 1  64 
I t  seems that the so-called quasi-theoretical method 
described here can be ut i l ized to  determine the effects  of 
laminations in  targets impacted by hypervelocity projecti les.  
In spi te  of the approximations used in  th i s  f i r s t  attempt to  
apply the method, the resul ts  were bet ter  than had been expected. 
A comparison of the two methods shows the following: 
? 
r I 1 
I I I J 
Many improvements can be made that  should improve the 
accuracy of the resul ts .  
developed that  will provide a forcing function that w i l l  almost 
exactly simulate the s t r e s s  waves. 
fo r  cylindrical s t ress  waves i n  plates which shoilld more accu- 
rately agree with the experimental resul ts .  
It is believed that a method can be 
A program w i l l  be written 
Also, three dimen- 
sional experimental methods can be developed. 
energy source is needed i n  order t o  generate s t ress  waves with- 
out the use of chemical explosives. 
A more powerful 
This would give more con- 
s i s ten t  results with greater accuracy. Parts for a 800 Joule 
power supply are now on hand f o r  the construction of such a unit. 
Hypervelocity impacts should be made i n  transparent targets so 
that  wave forms due to  actual coll isions can be determined. This 
information can be obtained i n  the case of non-transparent targets 
-24- 
by attaching transparent sheets t o  the i r  rear surfaces and analyzing 
the transmitted waves. 
Two other methods of obtaining stress wave characterist ics 
have been investigated and show promise of giving accurate results.  
One of these gives a record of photoelastic fringes as they 
pass any given point of the model. 
f iber optic l igh t  tube that  passes a very small pencil of l igh t  
Presently, t h i s  consists of a 
through the model i n  the polariscope onto a photomultiplier tube, 
the response of which is recorded by an oscilloscope. A laser has 
been purchased and w i l l  replace the f iber  optics. , 
The other technique gives the material velocity a t  a point 
as the stress wave passes. This consists of imbedding a short 
wire i n  the target which is placed i n  a strong magnetic f ie ld .  
As the stress waves pass the wire, the s l igh t  motion generates 
an e lec t r ica l  current proportional t o  i ts  velocity. 
is  the input t o  an analog computer that  has been programmed t o  
compute and plot the resulting stresses. 
The signal 
- 25- 
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TABLE I 
MATERIAL PROPERTIES 
I i I 1 
I 1 DENSITY (01 1 WAVE VELOCITY ( ~ 1  I CHARACTERISTIC 
Steel 15.2 19,500 29.6 x lo4 
Silver 20.4 13,400 27.3 x 1b4 
Copper 17.2 14,000 24.1 x 104 
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Figure 7 .  MAXIMI4 STRESS NEAR FREE SURFACE 
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Figure 15. AMPLITUDES OF THE VARIOUS TRANSMITTED WAVES 
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Figure 16. STRESS-TIME - LAMINATION THICKNESS RELATIOdS 
(po = constant, K = 0.25, y = 0.10a) 
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Figure 17. STRESS-TIME - LAMINATION THICKNESS RELATIONS 
(po = constant, K = 0.25, y = 0.20a) 
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Figure 18. STRESS-TULE - LAMINATION THICkT.JESS RELATIONS 
(Po = constant, K = 0.25, y = 0.30a) 
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Figure 19. STRESS-TIME - LAMINATION THICKNESS RELATIONS 
(PO = constant, K = 0.25, y = 0.40a) 
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Figure 20. STRESS-TIME - LAMINATION THICKNESS RELATIONS 
(po = constant, K = 0.50, y = 0.10a) 
49 
. . . -. ..~ 
i 
i 
I 
I 
! 
i 
1 
, 
Figure 21. STRESS-TIME - LAMINATION THICKNESS RELATIONS 
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Figure 22. STRESS - TIME RELATIONS 
(po = constant, K = 0.75) 
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Figure 25. STRESS-TIME - LAMINATION THICKNESS RELATIONS 
[Po = 4OO(e-t - e-zt>3 
54 
I 
I I 
Figure 26. POLARISCOPE, CAMERA, AND CONTROLS 
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Figure 27. LIGHT BW1ACTERISTICS 
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Figure 29. ILLUSTRATION OF FRINGE ORDER 
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Figure 30. FRINGE LOCATIONS AT VNiIOUS T1M:S . 
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Shot No. 175 ,  Frame NO. 2 
1 
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15 
I 10 
N 
0.000 
-500 
1.500 
2.500 
3.500 
5.500 
4.500 
5.850 
5.500 
4.500 
3.500 
2.500 
1.500 
1.200 
1.500 
R UK 
3.290 0.000 
3.200 -.124 
3.050 -.952 
2.940 -2.166 
2.830 -3.988 
2.720 -6.417 
2.580 -10,281 
2.480 -13.413 
2.280 -18.381 
2.540 -1 1 534 
2.380 -16.173 
2.200 -19.706 
2.130 -20.479 
2.070 -20.926 
2.020 -21.298 
E T  E R  S I G M A  R 
0.000 
-. 307 -. 714 
-1.348 
-2.225 
-4.178 
-4.927 
-6.061 
-7.006 
-7.596 
-7.952 
-8.164 
-8.347 
-.03a 
-3.688 
0.000 
-8.587 
-14.514 
-20.668 
-27.065 
-34.048 
-36.470 
-35.287 
-30.901 
-2 6.32 6 
-21.396 
-16.232 
-16.627 
-2.798 
-14.788 
0.000 
-3 e 163 
-9.182 
-20 -406 
-25.441 
-14.976 
-29.533 
-31.002 
-27.536 
-19.256 
-11 -279 
-3.876 
3.148 
5 e427 
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S I G M A  T H E T A  
0.000 
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2.720 
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- Figure 31. STRESS WAVE PHOTOGRAPHS AND COMPLIED RESULTS 
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Shot No. 175, Frame No. 4 
N R UR E T  E R  S I G M A  R S I G M A  T H E T A  
1 0.000 3.450 0.000 0.000 0.000 0.000 0.000 
2 -500 3.360 -.124 -.036 -2.796 -3.166 -1.166 
3 1.500 3.210 -e952 -.292 -8.572 -9.206 -3.206 
5 3.500 2.950 -4.540 -1.467 -20.787 -20.213 -6,213 
4 2.500 3.080 -2.387 -.no -14.550 -14.917 -4.917 
6 4.500 2.840 -6.969 -2.309 -27.149 -25.307 -7.307 
7 5.500 2.700 -10.833 -3.708 -34.068 -29.502 -7.502 
8 5.500 2.690 -11.136 -3.821 -34.181 -29.320 -7.320 
9 4.500 2.580 -14.172 -4.971 -29.811 -21.013 -3.013 
10 3.500 2.470 -16.601 -5.931 -25.251 -13.014 985 
1 1  2.500 2.390 -17.926 -6.474 -20.274 -5.685 4.314 
12 1.500 2.300 -18.919 -6.896 -15.176 1.446 7.446 
13 -800 2.210 -19.491 -7.148 -11.564 6.368 9.568 
14 1.500 2.160 -19.808 -7.294 -15.574 2.087 8.087 
F i g u r e  31. CONTINUED 
t 
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Shot No. 175, Frame No. 6 
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-28 .830 
0 .ooo 
-3.175 
-9.233 
-14.922 
-20 .269 
-25 .427 
-28.152 
-22 .596 
-7.114 
.040 
5.603 
-14.582 
.7ao 
0.000 
-1.175 
-3.233 
-4.922 
-6 .269 
-7.427 
-7.552 
-4.596 -. 58 2 
2.885 
8.403 
6.780 
6.040 
Figure 31. CONTINUED 
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Shot No. 175, Frame No. 8 
N 
1 0.000 
2 - 5 0 0  
3 1.500 
4 2.500 
5 3 . 5 0 0  
6 4.500 
7 4 .850 
8 4 . 5 0 0  
9 3 .500 
10 2.500 
11 1.500 
13 - 5 0 0  
1 2  e500 
R UR E T  E R  S I G M A  R SIGMA T H E T A  
3.750 0.000 0.000 0.000 0.000 0.000 
3.670 -.110 -.030 -2.790 -3.177 -1 .177 
3.510 - .993 - e 2 7 8  -8.558 -9.227 -3.227 
3.370 -2.539 -.730 -14.530 -14.950 -4.950 
3.230 -4 .857 -1.436 -20.756 -20 .264 -6 .264 
3.090 -7.948 -2.417 -27.257 -25 .133 -7 .133 
3.030 -9 .497 -2.923 -29.695 - 2 6 . 5 7 4  -7.174 
2.980 -10.787 -3.353 -28 .193 -23 .624 -5.624 
2.840 -13.878 -4.412 -23.732 -15.463 -1.463 
2.750 -15.369 -4.944 -18 .744 -8.153 1.846 
2.640 -16 .583 -5 .393 -13.673 -.97Y 5 . 0 2 1  
2 .510 -17 .190 -5.626 -8.386 5.849 7.849 
2.550 -17 .080 -5.582 -8.342 5.779 7 .779 
Figure 31. CONTINUED 
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Shot No. 175, Frame No. 10 
1 
s 2  
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
1 2  
1 3  
14 
N 
0.000 
,500 
1.500 
2.500 
3.500 
4.500 
4.650 
4.500 
3 .500 
2.500 
1.500 
,500 
- 3 5 0  
.500 
R UH 
3.880 0.000 
3.810 -.096 
3.660 - .924 
3.510 -2 .580 
3 .360 -5 .064 
3.190 -8.818 
3.170 -9.323 
3.010 -12 .919 
2.920 -14 .409 
2 ,810 -15 .624 
2.700 -16 .231 
2.670 - 1 6 . 3 0 1  
2.650 -16 .348 
3.150 -9.828 
t T  E R  S I G M A  R 
0 .000 
-.025 -. 2 4 9  
-.713 
- 1  4 4 0  
-2 .590 
-2 .749 
-2.909 
-3 .910 
-4.41 2 
-4 .834 
-5.052 
-5.096 
-5 .075 
0.000 
-8 .529 
-14 .513 
-20 .760 
-27 .430 
-27 .749 
- 2 3 . 2 3 0  
-18.212 
-13 .114 
-7.812 
-7.010 
-2.785 
-28.417 
-7.856 
0 * 0 0 0  
-3 .184 
-9 .275 
-14 .977 
-20.258 
-24.853 
-2 5.565 
- 2 4 , 3 3 9  
-16.273 
-9.012 
-1.880 
4.923 
5.933 
4 . 9 9 3  
S I G M A  T H E T A  
0.000 
-1.184 
-3.275 
-4.977 
-6.258 
-4.853 
-6.965 
-6 ,339 
-2.273 
e987 
4 .119 
6 .923 
7 .333 
6 .993 
Figure 31. COh'1.WD 
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Shot No. 175, Frame No. 1 2  
t 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
1 2  
N 
0.000 
.500 
1 .500 
3.500 
4 . 4 0 0  
3.500 
2 .500 
2.500 
1.500 
-500  
.200 
a500 
R UR E T  ER S I G M A  R 
4.040 
3.970 
3 - 8  10 
3.660 
3.500 
3.360 
3.200 
3.090 
2 - 9 8 0  
2 .870 
2 .830 
2.780 
0.000 
-.096 
-.979 
-2.635 
-5 .285 
-8 .337 
- 1 1 . 8 2 6  
- 1  3.648 
-14 .862 
-1 5.469 
-1 5.547 - 1 5.643 
0 .000  
- .024 
-.253 -. 6 9 9  
-2.335 
-3.396 
- 3 . 9 7 4  
-4 .372 
-4.578 
-4.60 5 
- 4 . 6 3 9  
-1.442 
0 .000 
- 2 . 7 8 4  
-8.533 
-14.499 
-20.762 
-26 .623 
-22 .716 
-17.774 
-12.652 
-7.338 
-5.709 
-7 .399 
0.000 
- 3 . 1 8 6  
-9.26% 
-15 .000.  
-20 .253 
-24.628 
-17.102 
-9 .719 
-2.624 
4.158 
6.137 
4 .258 
; I G M A  T H E T A  
0 .000  
-1.186 
-3.248 
-5.000 
-6 .253 
-7.020 
-3.102 
.280 
3.375 
4.158 
6.937 
6.258 
Figure 31. CONTINUED \ 
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Shot No. 176, Frame No. 3 - 
N R UR ET ER SIGMA R SIGMA THETA 
1 0.000 4.200 0.000 0.000 o.uo0 0.000 0.000 
2 .500 4 .130 -.096 -.023 -2.783 -3.188 -1.188 
4 2.500 3.800 -2 .856 -.729 -14.529 -14.952 -4.952 
5 3.500 3.640 -5 .506 -1 .444 - 2 0 . 7 6 4  -20 .250 -6.250 
6 4.250 3.500 -8 .500 -2 .285 -25.745 -23.732 -6.732 
7 3.500 3.390 -10 .853 -2 .967 -22.287 -17.794 -3 .794 
8 2.500 3.280 -12.675 -3.512 -17 .312 - 1 0 , 4 6 3  -.463 
9 1.500 3.140 -14.220 -3 .991 -12.271 -3.239 2.760 
1 0  - 5 0 0  3.020 -14 .883 -4 .204 -6 .964 3.555 5.555 
11 e 2 0 0  2.970 -14.979 -4 .236 -5 .340 5.543 6.343 
1 2  ,500 2.920 -15 .076 -4.269 -7.029 3 .660 5 .660 
3 1.500 3.970 - .979 - .243 -8.523 -9 .284 -3 .284 
Figure 31. CONTINUED 
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Shot No. 176, Frame No. 5 
N R UR E T  E R  S I G M A  R S I G M A  THETA 
1 0.000 
2 - 5 0 0  
3 1.500 
4 2.500 
5 3.500 
6 4 , 0 5 0  
7 3.500 
8 2.500 
9 1.500 
1 0  - 5 0 0  
1 1  . l o o  
1 2  - 5 0 0  
4 .350 0.000 0.000 0.000 0.000 0.000 
4 . 2 8 0  - e 0 9 6  - e 0 2 2  -2.782 -3.189 -1.189 
4 .120 -.Y7Y - e 2 3 4  -8 .514 -9.298 -3.298 
3.940 -2.967 - e 7 3 1  -14.531 -14.949 -4 ,949 
3.770 -5 .782 - 1 . 4 6 4  - 2 0 . 7 8 4  -20.218 -6.218 
3.670 -7.866 -2 .025 -24 .381 -22.862 -6.662 
3 .420 -12.rt76 -3.321 -17 .121 -10.772 - e 7 7 2  
3.300 -13 .801 -3 .713 -11.993 -3.687 2.312 
3.170 -14 .518 -3.933 -6.693 3.118 5.118 
3.120 -14 .601 -3 .959 -4.511 5.741 6.141 
3.070 - 1 4 . 6 8 4  -3.986 -6.746 3.203 5.203 
3 .560 -10 .158 -2 .658 -21 .978 -18 .292 -4.292 
Figure 31. CONTINUED ’. 
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S h o t  No. 176, Frame No. 7 
N 
1 0.000 
2 .5 00 
3 1.500 
4 2.500 
5 3.500 
6 3 .900 
7 3.500 
8 2.500 
9 1.500 
1 0  -500 
1 1  0.000 
1 2  .5 00 
R UR 
4.520 0.000 
4.440 -.110 
4 .260 -1 .104 
3.910 -5 .906 
3 .740 -9 .378 
3.610 -11 .531 
3.470 -13.076 
3.350 -13 .739 
3.210 -13 .932 
4 e080 -3.09 1 
3.830 -7.540 
3.280 -13.835 
E T  ER SIGMA R SIGMA T H E T A  
0.000 0.000 
- .024 -2.784 
- .255 -8.535 
- .735 -14.535 
-1 .442 -20.762 
-1 .865 -23 .393 
-2 .350 - 2 1 . 6 7 0  
- 2 . 9 3 4  -16 .734 
-3 .369 -11.649 
-3.561 -6.321 
-3 .590 -3.590 
-3.620 -6.380 
0.000 
-3 .185 
-9 .264 
-14 .943 
-20 .253 
-22 1 5 3  
-18.789 
-11 .395 
-4 .243 
2.519 
5.791 
2 .614 
0.000 
-3.264 
-4.943 
-6 .253 
-6.553 
-1.395 
1.756 
4 .519 
-1.185 
-4 .789 
5.791 
4 .614 
I 
Figure 31. CON'iINUED 
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Shot No. 176, Frame No. 9 
N R UR E T  E R  S I G M A  R S I G M A  T H E T A  
' 1 0 .000 4.670 0.000 0 .000 0 .000 0 .000 0.000 
2 .500 4 . 5 9 0  - .110 - .024 - 2 . 7 8 4  -3.187 -1.187 
3 1 .500 4.420 -1.048 - .234 -8.514 -9.299 -3.299 
4 2.500 4.220 -3.256 -.748 -14 .548 -14.921 -4.921 
5 3 .500 4.050 -6 .072 -1.432 -20.752 -20.270 -6.270 
6 3 .700 4 .000 -7.065 -1.679 -22 .103 -21.162 -6.362 
7 3.500 3.930 -8.456 -2 .029 -21.349 -19 .306 -5.306 
8 2 .500 3 .770 - 1 1 . 1 0 6  -2.715 -16.515 -11 .748 -1.748 
9 1 .500 3.620 -12.762 -3.162 -11.442 -4.577 1.422 
1 0  .500 3.520 - 1 3 . 3 1 4  -3 .315 -6 .075 2.121 4.121 
11 -.050 3.430 - 1 3 . 4 2 6  -3.347 -3.071 5.721 5.521 
1 2  - 5 0 0  3.350 -13.525 -3.377 -6.137 2.221 4 .221 
Figure  31. CONTINUED 
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Shot No. 176, Frame No. 11 
N R UR E T  ER SIGMA R S I G M A  THETA 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
1 2  
ELAPSED 
0.000 
.500 
1.500 
2.500 
3.500 
3.550 
3.500 
2.500 
1.500 
,500 
-.loo 
,500 
T I M E  FOR 
4 .830  0.000 
4 . 7 4 0  - .124 
4 .560 -1.117 
4 .190 -6.196 
4.160 -6.779 
4.120 -7.558 
3.950 -10 .373 
3 .800 -12.029 
3.670 -12.747 
3.470 -12 .967 
JOB WAS 0009 M I N  
4.370 -3 .215 
3.570 -12 .857 
0.000 
- .026 
242 
- .714 
-1 .413 
-1.553 
-1.741 
-2.437 
-2 .862 
-3.053 
-3 .082 
-3 .114  
14 S E C /  
0.000 
-2.786 
-8.522 
-14 ,514  
-20.733 
-21  e 1 4 9  
-21 .061  
-16 .237 
-5 .813 
-2 .530 
- 5 , 8 7 4  
D A T E  0 8  
-11 .142 
0.000 
-3 .183 
-9 .287 
-14.976 
-20 .300 
-20 .397 
-19.771 
-12 .198 
-5.060 
1.698 
5.617 
1 e798 
-12-68 
0.000 
-1 .183 
-3.287 
-4.976 
-6.197 
-5 7 7  1 
-2.198 
.939 
3.698 
5.217 
3.798 
-6.300 
Figure 31. C O ~ I N U E D  r 
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Shot No. 177, Frame No. 2 
N R UK E T  E K  S I G M A  R S I G M A  T H E T A  
1 0.000 5 .000 0.000 0.000 0.000 0.000 0.000 
2 - 5 0 0  4.930 -.096 - .019 -2.779 -3 ,194 -1.194 
3 1.500 4 .730 -1.200 - .250 -8 .530 -9.273 -3.273 
4 2.500 4 .530 -3 .408 - .730 -14.530 -14 .951 -4 .951 
5 3.000 4 - 3 6 0  -5.989 -1.312 -17.872 -17 .238 -5.238 
I 6 2.500 4.210 -8.266 -1.842 -15.642 -13.156 -3.156 
7 1.500 4.030 -10 .253 -2.322 -10.602 -5 .931 ,068 
1 8 - 5 0 0  3.890 -11.026 -2.516 -5.276 - 8 3 2  2.832 
I 
I 
I 9 e200 3 .750 -11 .296 -2 .586 -3.690 2.881 3 .681 
Figure 36.  REFLECTED STRESS WAVE PHOTOGRAPHS AND COMPUTED RESULTS 
I 
7 5  
N R U K  ET ER SIGMA R SIGMA THETA 
i 
1 0.000 5.000 0.000 0.000 0.000 0.000 0.000 
2 -500  4.930 -e096 -SO19 -2.779 -3.194 -1.194 
3 1.500 4.790 -.869 -.179 -8.459 -9.387 -3.387 
4 2.500 4.610 -2.856 -.604 -14.404 -15.153 -5.153 
5 2.750 4.500 -4.450 -.954 -16.134 -16.201 -5.201 
6 2.500 4.390 -6.044 -1.313 -15.113 -14.010 -4.010 
7 1.500 4.230 -7.810 -1.721 -10.001 -6.900 -.900 
8 .500 4.070 -8.694 -1.932 -4.692 - . lo9 1.890 
9 -.250 3.920 -8.797 -1.956 -.576 4.768 3.768 
I 
I 
Figure 36. CONTINUED L 
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Shot No. 177, Frame No. 6 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
N 
0 . 0 0 0  
- 5 0 0  
1 .500 
2.500 
1 .500 
- 5 0 0  
0 .000 
-.500 
-.500 
0.000 
R U K  E T  E R  SIGMA R S I G M A  THETA 1 
5.000 0 .000 0.000 0.000 0.000 0.000 
4 .920 - .110 - .022 -2.782 -3 .189 -1 .189 
4.780 - .a83 -.la2 -8 .462 -9 .382 -3.382 a 
4.610 -2.760 - .584 -14 .384 -15 .186 -5.186 
4.400 -5.078 -1.096 -9.376 -7.908 -1.908 
4.250 -5.906 -1.286 -4.046 -1.150 - 8 4 9  
4.170 -6 .016 -1.312 -1.312 2.116 2.116 
4 . 0 6 0  -5.865 - 1 . 2 7 4  1.485 5.282 3 .282 
4 .010 -5 .727 -1 .240 1.519 5.227 3.227 
3.920 -5.602 -2.209 -1.209 1 . 9 5 1  1.951 
Figure 36 .  COMINLJED 
Shot No. 177, Frame No. 8 
N K UK E T  ER S I G M A  R S I G M A  T H E T A  
1 0.000 5.000 0.000 0.000 0.000 0.000 0.000 
2 e500 4.910 -.124 -.025 -2 .785 -3 .185 -1.185 
3 1.250 4.700 -1 .138 -e238 -7 .138  -7 .679  -2 .679 
5 0.000 4.380 -2.373 - .506 - .506 - 8 1 6  .E 1 6  
4 .5oo 4 .470 -2 .249 - .478 -3 ,238 -2 .454  - .454 
6 -e500  4 .270 -2 .221  - .470 2 .289 3 .984 1.984 
I 7 -e500  4.140 -1 .863 -e385  2 .374 3.847 1.847 , 8 0.000 4 .060 -1.752 - a 3 5 8  -e358  .578 . 5 i a  
I 
Figure 36.  CONTINUED 
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Shot No. 177, Frame No. 9 
i 
N 
a 1 0.000 
2 - 3 0 0  
3 .3 00 
4 0.000 
5 -.500 
6 -.650 
7 -.500 
9 ,500 
1 1  2.500 
I 
8 0.000 
10 1.500 
1 
R UK E T  E R  S I G M A  R S I G M A  T H E T A  
5.000 0.000 0.000 0.000 
4.800 - . lh5 -.034 -1.690 
4.700 -.331 -.069 -1.725 
4.580 -.430 -.090 -.090 
4.400 -.182 -.034 2.725 
4.300 - 1 3 5  - 0 3 9  3.627 
4.210 - 4 2 0  -106  2.866 
4.130 .531 .132 .132 
. lo5 -2.654 4 .O 50 -420  
3.950 -.131 -.033 -8.313 
3.800 -1.787 -.463 -14.263 
0.000 0.000 
-1.879 -e679 
-1 - 8 2 3  - e623  
- 1 4 5  .145 
3.280 1.280 
4.130 1.530 
3.054 1.054 
-.213 -.213 
-3.395 -1.395 
-9,622 -3.622 
-5 e38 1 - 1  5 -38 1 
Figure 3 6 .  CONTINUED 
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Shot No. 177, Frame No. 10 
N R UK E T  E R  S I G M A  R 
E 
1 0.000 5.000 0.000 0.000 0.000 0.000 
2 -.500 4.930 ,096 .019 2.779 3.194 
3 -.bo0 4.880 -248 .050 3.362 3.789 
4 -.500 4.790 -521 .lo7 2.867 3.053 
5 -.boo 4.680 -8 55 - 1 7 7  3.489 3.584 
6 -.500 4.580 1 . 1 5 9  .243 3.003 2.833 
I 7 0.000 4.280 1.573 .333 -333 -.537 
a .500 4.130 1.3bb -283 -2.476 -3.682 
9 1.500 4.000 .b48 ,105 -8.174 -9.847 
i o  2.500 3.780 -1.780 -.523 -14.323 -15.284 
Figure 36. CONTINUED 
S I G M A  T H E T A  
0 .ooo 
1.194 
1.053 
,833 
-.537 
-1,682 
1.389 
1.184 
-3.847 
-5.284 
Shot No. 177, Frame No. 11 
N R U K  E T  E R  S I G M A  R S I G M A  T H E T A  
1 0 .000 
I 3 -1.500 
4 -1.400 
5 -1 .500 
6 -1 .650 
I 7 -1.500 
I 8 -.500 
I 9 .500 
10 1.500 
t 1 1  1.500 
I 
I 
, 2 -.500 
I 
1 
I 
5 .000 
4.940 
4.850 
4.750 
4.680 
4.  580 
4 .470 
4 .300 
4.170 
4.040 
3.880 
0.000 
.OR2 
e 5 7 9  
1 .380 
1 .940 
2 .809 
3 .766 
4 . 7 0 4  
4 . 7 0 4  
3 .986 
2.6h2 
0.000 
.016 
.118 
.285 
.404 
.592 
.80 3 
1 .015 
1.014 
.837 
,503 
0.000 0.000 
2 .776 3.198 
8.398 9.485 
8 . 0 1 3  8.571 
8 .684 9.025 
9 .700 9.690 
9.083 8 . 3 8 1  
3.775 1.587 
-1.745 -4 .861 
-7.442 -11.028 
-7.776 -10 .489 
-3 
Figure 36. CONTINUED 
0.000 
1.198 
3.485 
2.971 
3.025 
3.090 
2 . 3 8 1  
-.412 
-2.861 
-5.028 
-4.489 
i 
i 
. (  
1 
N R UK E T  E R  S I G M A  R S I G M A  THETA 
... 
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Shot No. 177, Frame No. 12 
1 0.000 5.000 0.000 0.000 0.000 0.000 0.000 
2 -.500 4.970 -041 .ooa 2.768 3,212 1.212 
3 -1.500 4.900 -427 .oa6 8.366 9.537 3.537 
4 -2.500 4.810 1.421 -292 14.092 15.657 5.657 
5 -2 .800 4.700 3.030 .630 16.086 17.047 5.847 
6 -2.500 4.590 4.639 .976 14.776 14.553 4.553 
7 -1.500 4.450 6.185 1.317 9.597 7.552 1.552 
8 -.500 4.350 6.737 1.442 4.202 .a99 -1.100 
9 -500 4.230 6.737 1.441 -1.318 -5.550 -3.550 
10 1.500 4.120 6.129 1.294 -6.985 -11,765 -5.765 
11 1.500 3.990 5.053 1.029 -7.250 -11.337 -5.337 
12 .500 3.830 4.170 -805, -1.954 -4.525 -2.525 
Figure 36. CONTINUED 
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Figure 39. PASSAGE OF STRESS WAVE THROUGH A CEMlENTED JOINT 
Figure 40. PASSAGE OF STRESS WAVES THROUGH CR-39 LAMINATIONS 
86 
Figure 41. STRESS WAVES THROUGH l/S-INCH ALUMINUM LAMINATE 
Figure 42. STRESS WAVES THROUGH 1.0-INCH ALUMINUM LAMINATE 
3 
r\ 
7 
V 
2 
b 
o r  
7. 
i! 
I N R UK E T  ER S I G M A  R S I G M A  T H E T A  I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0 , 0 0 0 
.500 
1.500 
2.500 
2.850 
2.850 
2.500 
1.500 
1.000 
.5 00 
4.330 
4.210 
4.000 
3.780 
3.700 
3.600 
3.510 
3.330 
3.220 
3.050 
0.000 
- . l h5  
-1.374 
-3.753 
-4.934 
-6.508 
-7.837 
-9.824 
-10.583 
-11.287 
0.000 
-.039 -. 32 5 
-.954 
-1.270 
-1.702 
-2 .075  
-2.653 
-2.884 
-3.106 
0.000 0.000 
-2.799 -3.162 
-8.605 -9.152 
-17.002 -16.337 
-17.434 -15.641 
-10.933 -5.398 
-8.404 -1.799 
-5.866 1.785 
-14.754 -14.589 
-15.875 -12.781 
0.000 
-1.162 
-3.152 
-4.589 
-4.937 
-4.241 
-2  -78  1 
,601 
2.200 
3.785 
J I N C H  L A M I N A T E  
____ - __ 
N R UR E T  E R  S I G M A  R S I G M A  T H E T A  
1 0.000 
2 .500 
3 1.000 
4 1.500 
5 1.500 
6 1.200 
7 1.000 
a .700 
9 -500  
5.000 
4.  Rho 
4.760 
4.600 
4.500 
4.300 
4.200 
4.000 
3.750 
0.000 -. 193 -. 607 
-1.711 
-2.539 
-4.029 
-4.636 
-5.575 
-6.403 
0.000 
-.039 
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Figure 43. FRINGE ORDER AND COMPUTED RESULTS - ALUMINUM LAMINATES 
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Figure 45. EFFECT OF FORCING FUNCTION UPON WAVE PROFILE (R,=O. 50) 
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Figure 46. EFFECT OF FORCING FUNCTION UPON WAVE PROFILE &=0.25) 
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Figure 51. COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 
